M. paratuberculosis could be reversed by i.p. administration of cyclophosphamide.
Serum antibody response to SRBC in mice was not affected by pre-treatment with nonviable M. paratuberculosis.
These findings indicate that T cells appear to be involved in the suppression of delayedtype hypersensitivity reaction to SRBC in mice by pre-treatment with nonviable M. paratuberculosis. Keywords: Mice; Immunosuppression; Mycobacterium paratuberculosis;
Delayed-type hypersensitivity
Various mycobacteria have been shown to suppress cell-mediated immune responses in humans and animals. Miliary tuberculosis in human is associated with loss of delayed-type hypersensitivity (DTH) skin reaction to tuberculin (Lamoureux & Poisson, 1974) . Similarly, mice injected with high doses of viable Mycobacterium bovis BCG showed suppression of DTH reaction to tuberculin (Collins & Watson, 1979; Nakamura & Tokunaga, 1980; Kato et al., 1981) , and antigen-and mitogen-induced transformation of lymphocytes (Collins & Watson, 1979; Turcotte, 1981; Turcotte & Lemieux, 1982) . This suppression appeared to be mediated by suppressor T cells or suppressor macrophages generated in the spleen and peritoneal cavity (Collins & Watson, 1979; Nakamura & Tokunaga, 1980; Kato et al., 1981; Turcotte, 1981; Turcotte & Lemieux, 1982) . Injection with nonviable mycobacteria including Freund's complete adjuvant and tuberculin also induced suppression of cell-mediated immune responses (Asherson & Allwood, 1971; Thestrup-Pedersen, 1974 , 1975 Kato et al., 1981; Kato & Yamamoto, 1984 (Stuart, 1962; De Lisle & Duncan, 1981; Chiodini et al., 1984) . Davies et al. (1974) reported that a factor, which suppressed mitogen induced transformation of normal bovine lymphocytes, was generated in the plasma and serum of cattle chronically infected with M. paratuberculosis. However, the actual mechanism mediating suppression of the cellmediated immune response in bovine paratuberculosis has not been determined. Studies on bovine paratuberculosis have been hampered for many years by the lack of suitable laboratory animal models. Francis (1943) produced intestinal lesions by repeated inoculation of M. paratuberculosis into mice. Chandler (1961) demonstrated that C57BL mice were more susceptible to infection with M. paratuberculosis than Swiss white mice and CBA mice, however, a period of 6 months or more following challenge exposure was required for the detection of intestinal infection. Recently, Hamilton et al. (1989) demonstrated that intestinal lesions in athymic nude mice produced by inoculation with a human isolate of M. paratuberculosis were more severe than in euthymic mice. The objective of this study was to investigate the effect of nonviable M. paratuberculosis on the cell-mediated immune response to sheep erythrocytes (SRBC)in C57BL/6 mice as an experimental model for analysing the mechanisms of immunosuppression in bovine paratu berculosis.
Materials and methods

Animals
Inbred C57BL/6 mice maintained in our own breeding facilities were used at 8-10 weeks of age. All animals were provided with food and water ad libitum. Each experimental group consisted of 10 mice. (Merkal et al., 1964) and M. paratuberculosis 18 was grown in Sauton synthetic liquid medium at 37°C. Sauton synthetic liquid medium was prepared according to the following formula: asparagine, 4 g; citric acid, 2 g; K 1 HP0 4 , O· 5 g; MgS04 • 7HzO, O· 5 g; ferric ammonium citrate, O' 05 g; glycerol, 60 ml and distilled water to a volume of 1000m!. The pH was adjusted to 7, 2. After cultivation, the organisms were washed 3 times with PBS, and then, inactivated by heating at 100°C for 20 min or by adding formalin and washed 5 times with PBS. Unless otherwise specified, heatedM. paratuberculosis 18was used. The desired concentration of the organisms was adjusted by the dry weight.
Drug
Delayed-type hypersensitivity reaction to SRBC determined by footpad swelling DTH reaction to SRBC in mice was evaluated by means of delayed-type footpad swelling. As a pre-treatment, mice were injected intraperitoneally (Lp.) with 1 mg of nonviable M. paratuberculosis. On day 3 after pre-treatment, mice were immunized subcutaneously in the scruff of the neck with 10 8 SRBC. On day 4 after immunization, mice were injected in the right hind footpad with 10 8 SRBC (0' 05 ml) and in the left hind footpad with 0·05 ml of PBS as control. The thickness of the footpad was measured in 0·01 mm increments with a thickness gauge (Mitsutoyo MFG Co. Ltd, Tokyo, Japan) at 24 h post-injection. The degree of footpad swelling was expressed as a ratio calculated as follows: degree of footpad swelling= [ (thickness of right footpad -thickness of left footpad)/(thickness of left footpad)] X 100 (lY/o).
Passive transfer of spleen ceUs and peritoneal exudate cells (PEe)
Suspensions of spleen cells and PEC were prepared in Hank's solution from mice which had been pre-treated 3 days before with nonviable 
Results
Effect of nonviable M. paratuberculosis on footpad swelling
The effect of nonviable M. paratuberculosis on footpad swelling to SRBC is shown in Table 1 . Mice were pre-treated i.p. with heated or formalin-treated M. paratuberculosis 3 days before immunization with SRBC. On day 4 after immunization, SRBC were injected into the footpad of each mouse. Footpad swelling in mice pre-treated with heated or formalin-treated M. paratuberculosis was significantly (P< O' 01) less than that of non-treated control mice (Group 3).
Kinetics of suppressive effect of nonviable M. paratuberculosis on footpad swelling
Mice were treated i.p. with nonviable M. paratuberculosis and individual groups of mice were immunized with SRBC at various intervals before or after the treatment. On day 4 after immunization, mice were injected in the footpad with SRBC. Treatment with nonviable M. paratuberculosis into mice on days 0, 1, 3, 7, 14, All groups of mice were injected in the footpad with SRBC on day 4 after immunization. Results are expressed as mean ± standard error.
"Mice were pre-treated with I mg of nonviable M. paratuberculosis 3 days before immunization with SRBC. bP<O·OI compared with control mice (group 3).
M. paratuberculosis.
Cell aggregates were allowed to sediment for 5 min and supernatant cell suspensions were forced through a steel sieve. The cells were sedimented at 200 x g for 10 min, washed 3 times with Hank's solution and suspended in Cytotoxicity Medium (Cederlane Laboratories Ltd, Ontario, Canada) to give 5 x 10 7 nucleated cells/m!. Recipient mice were injected i.p. with 1ml of the cell suspensions.
Treatment of spleen cells with antibodies and complement
Anti-Thy 1,2, anti-Lyt 1'2, and anti-Lyt 2·2 monoclonal antibodies (Cederlane Laboratories Ltd), anti-mouse 'Y globulin antiserum (Cederlane Laboratories Ltd) and low cytotoxic rabbit complement (Low-Tox-M rabbit complement, Cederlane Laboratories Ltd) were used in the study. Spleen cells were prepared in Cytotoxicity Medium at a concentration of 1x 10 7 cells/m!. The cell suspensions were mixed with antibodies diluted in Cytotoxicity Medium at appropriate concentrations. A control group of cells was mixed with an equivalent volume of Cytotoxicity Medium. The mixtures were incubated at 4°C for 60 min. After washing, the cell suspensions were mixed with low cytotoxic rabbit complement and incubated at 37°C for 60 min. Then, the cells were washed once with Cytotoxicity Medium and dead cells were removed by centrifugation at 500 x g for 20 min on a Lympholyte-M gradient (Cederlane Laboratories Ltd). The live cells were washed 3 times with Cytotoxicity Medium, suspended in the same medium at a concentration of 5 x 10 7 cells/ml and 1ml of the cell suspensions was transferred i.p. into recipient mice.
Haemagglutination test
Serum antibody titres to SRBC in mice were measured by the haemagglutination test. Sera were diluted 2-fold in 0,05 ml volumes of PBS containing bovine serum albumin (1 mg/ml) on micro titre plates. A O· 5f1Jo solution of SRBC was added to each well, and the contents were mixed and incubated for 5 h at room temperature. Antibody titres were expressed as the reciprocals compared with control mice (group 9). dp<0'05 compared with control mice (group 9).
Effect of passively transferred cells on footpad swelling
The effect of passively transferred spleen cells and PEC (5 x 10 7 cells) derived from mice which had been pre-treated 3 days previously with nonviable M. paratuberculosis on footpad swelling to SRBC is shown in Table 4 . Recipient mice were immunized with SRBC immediately after cell transfer. On day 4 after immunization, mice were injected in the footpad with SRBC. Transfer of spleen cells or PEC from mice which had been pre-treated with nonviable M. paratuberculosis into recipient mice resulted in a significant suppression of footpad swelling to SRBC. However, footpad swelling was not affected when spleen cells were derived from non-pre-treated control mice.
Spleens from mice which had been pre-treated with nonviable M. paratuberculosis were examined according to routine histopathological procedures using a light microscope. However, acid-fast bacteria were not detected in the spleens.
( All groups of mice were injected in the footpad with SRBC on day 4 after immunization. Results are expressed as mean ± standard error. "Mice were pre-treated with heated bacteria 3 days before immunization, bp<O·OI compared with control mice (group 7). 
Characterization of suppreSSOr cells derived from M. paratuberculosis-pre-treated mice
Spleen cells derived from mice which had been pre-treated 3 days previously with nonviable
M. paratuberculosis were incubated in a nylon
wool column at 37°C for 2 h. After incubation non-adherent cells were washed and 5 x 10 7 cells were transferred Lp. into recipient mice.
Recipient mice were immunized with SRBC immediately after cell transfer and injected in the footpad with SRBC 4 days later. The suppressive effect of spleen cells was retained even after passing them through a nylon wool column (Table 5) . In order to characterize the cell type responsible for the suppression of footpad All groups of mice were injected in the footpad with SRBC on day 4 after immunization. Results are expressed as mean ± standard error. Groups I and 2 received cells derived from donor mice which had been pre-treated with nonviable M. paratuberculosis. Groups 3, 4 and 5 are controls which received no cells. 'Mice were pre-treated with I mg of nonviable M. paratuberculosis 3 days before cell transfer. bMice were immunized with SRBC immediately after cell transfer. 'P<O·O\ compared with control mice (group 4). dp<0'05 compared with control mice (group 4). 
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swelling to SRBC, spleen cells derived from mice which had been pre-treated 3 days previously with nonviable M. paratuberculosis were treated with various antibodies and complement and then transferred into recipient mice. Recipient mice were immunized with SRBC immediately after cell transfer and injected in the footpad with SRBC 4 days later. The suppressive effect of spleen cells was abolished by treatment with anti-Thy 1·2 monoclonal antibody plus complement, but not by anti-mouse 'Yglobulin antiserum plus complement (Table 6 ). Moreover, the suppressive effect was also abolished by treatment of the cells with anti-Lyt 2·2 monoclonal antibody plus complement (Table 6 ). However, treatment of spleen cells with anti-Lyt I· 2 monoclonal antibody plus complement did not affect the suppressive effect of spleen cells (Table 6 ). All groups of mice were injected in the footpad with SRBC on day 4 after immunization.
Results are expressed as mean ± standard error.
'Mice were pre-treated with I mg of nonviable M. paratuberculosis 3 days before administration of Cy.
bMice were immunized with SRBC after administration of Cy. 'P<O·OI compared with control mice (group 7).
Effect of Cy on the suppression of footpad swelling
It was reported that Cy sensitive suppressor T cells were involved in the regulation of DTH reaction (Schwartz et al., 1978) . As a further check, the effect of Cy on the suppression of footpad swelling to SRBC induced by pretreatment with nonviable M. paratuberculosis was investigated. Mice were pre-treated with nonviable M. paratuberculosis. On day 3 following the pre-treatment, mice were injected Lp. with Cy and immunized with SRBC. On day 4 after immunization, mice were injected in the footpad with SRBC. The suppression of footpad swelling to SRBC was reversed by administration of Cy at doses of 25 and 50 mg/kg body weight (Table 7) . (Stuart, 1962; De Lisle & Duncan, 1981; Chiodini et al., 1984) . Davies et al. (1974) demonstrated that a soluble factor which could suppress mitogeninduced transformation of normal bovine lymphocytes was generated in the plasma and serum of cattle chronically infected with M. paratuberculosis. On the other hand, De Lisle and Duncan (1981) reported that the umesponsiveness of lymphocyte transformation responses to purified protein derivative (PPD) of johnin in cattle heavily infected with M. paratuberculosis did not appear to be due to the presence of a soluble serum suppressor factor. Whether or not a soluble serum factor is involved in the suppression of footpad swelling to SRBC in mice induced by pre-treatment with nonviable M. paratuberculosis was not determined.
Several reports have demonstrated that injection with high doses of viable M. bovis BCG into mice caused suppression of T cell responsiveness, including DTH reaction to tuberculin, and lymphocyte transformation responses to specific antigens and mitogens (Collins & Watson, 1979; Nakamura & Tokunaga, 1980; Kato et al., 1981; Turcotte, 1981; Turcotte & Lemieux, 1982) . At the same time, it has been also demonstrated that suppressor T cells or suppressor macrophages were generated in the spleen and peritoneal cavity of mice which had been injected with high doses of viable BCG (Collins & Watson, 1979; Nakamura & Tokunaga, 1980; Kato et al., 1981; Turcotte, 1981; Turcotte & Lemieux, 1982) . Turcotte and Lemieux (1982) reported that BCGinduced suppressor T cells and macro phages produced soluble factor which inhibited DNA synthesis in vitro. Later, Colizzi (1984) , and Colizzi et al. (1984) (Vadas et al., 1976; Cantor & Boyse, 1977; Feldmann et al., 1977) . No acid-fast organisms were detected by histopathological procedures in the spleen of mice which had been pre-treated with nonviable M.
paratuberculosis. This evidence, together with that presented in (Kato & Yamamoto, 1984) . It has been reported that Cy-sensitive suppressor T cells were involved in the regulation of DTH reaction (Schwartz et al. , 1978) . Treatment of mice with Cy shortly before immunization with suboptimal doses of SRBC resulted in enhancement of DTH reaction (Lagrange et al., 1974; Schwartz et al., 1978) . 
